A B S T R A C T In previous immunohistochemical studies, it has been found that all nuclei contain cyclic (c)GMP, which occurs in discrete aggregates and in the nucleolus. We have studied the nature of the cGMP aggregates in isolated mouse fetal nuclei using a specific immunofluorescent technique. These aggregates correspond to the areas of condensation of DNA, demonstrable by either Felugen's or acridine orange stain. 
A B S T R A C T In previous immunohistochemical studies, it has been found that all nuclei contain cyclic (c)GMP, which occurs in discrete aggregates and in the nucleolus. We have studied the nature of the cGMP aggregates in isolated mouse fetal nuclei using a specific immunofluorescent technique. These aggregates correspond to the areas of condensation of DNA, demonstrable by either Felugen's or acridine orange stain. Treatment with DNAase eliminated DNA and cGMP staining. Staining for RNA, with a human anti-RNA antibody, demonstrated RNA to be distributed diffusely throughout the nucleus and not preferentially in the areas ofdiscrete cGMP aggregates. The difftuse stain for nuclear RNA was eliminated by pretreatment with RNAase but not DNAase, but aggregates ofcGMP were not affected by pretreatment with RNAase. Sites of active RNA synthesis were determined by autoradiography using [3H]uridine, and did not correspond to the aggregates of cGMP.
The relationship of cGMP to ntucleolar ftunction was examined in the endothelial cells of the isthmuis and ampulla of the rat fallopian tube. Previouis stuidies have shown that in proestrous, a period of increased RNA synthesis, nucleoli detectable by staining for RNA appear in the endothelial cells lining the fallopian tube. After immunofluoreseent staining, we fouindl prominent accumulation of cGMP in the nucleoli. During other phases of the cycle, there is an absence of nuicleoli detectable by staining for RNA, and an absence of nucleolar cGMP. After we treated hypophysectonmized or oophorectomized rats with estrogen, which is known to increase nucleolar RNA svnthesis in the fallopian tube and endometrium, nucleoli in the endothelial cells of the rat fallopian tube and tuterus statined strongly for cGMP.
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Receivedfor publication 21 November 1979 and in revi.sed form 5 June 1980. 832 In concltusioni, ouir stuidies sugirgest that the (liscrete aggregates of ntclear cGIGMP are associated with a fi-letion of DNA uninvolved in RNA synthesis. In contrast, cGIMP appears in the nuicleoluis (tluring a perio(l of increaised RNA synthesis, suiggesting aI role for cGMi P in regtulating nuicleolair synthesis and processing of RNA.
INTRODU(CT'ION
A variety of experimenitall ol)servations stuggest that cyclic GMP (cCG1P) couil(I be imiportant in modulating nuclear ftunction. cCMP stimtla<tes phosphoryliation of nuclear histonie ani(l nonhistone proteins (1, 2) , a<ndl thele is evidlence that these ntclear phosplhoproteinis maxy reguilate gene expression (3, 4) . cGMP also stimula,ltes RNA synthesis in isolated lymphocyte nticlei, a(inl increatses the activity of the DNA-dependent RNA polynerase I acnd III (5 Co. miinotome cryostat 3398, ancl rapidly frozeni on the precooled freezing bar (7) . Tissue sections were stained unfixedl.
Anti-cGMP antibody. Antibodies were raised in rabbits againist succinylated cGMP conjugated to keyhole limpet hemocvanin, by the method of Steiner et al. (13) . Antibodies were further purified by isolating the gamma globulin fraction using plulronic polyols F-38 (BASF Wvyandotte Chemical Corp., Paramus, N. J.) by a modification of the metlho(d of Garcia and Ordonez (14) . A description of the affinity chairacteristics of the cGMIP antibody for cGMP, cANIP, and other noncyclic ntucleotides has been published separatelv (16) .
Anti-ribonucleic acid antibody. The antibody was obtained by Dr. L. Bartholemew, Albany Medical College, from a patient with mixed connective tissue disease. The antibody produces a speckled pattern on staining of rat hepatic iulIei, as revealed by the immunofluorescent technique, anci this was eliminiated when the tissue was preincubatedc with RNAase before staining. The patient's sermn contained no detectable antibodies to single or double-stranded DNA.
Immuinofluotescenit techni(ue. Tissue slices or nticlearpreparations were incubated with a rabbit antibody of high affiniit-for cGMP or with "control serim'" from rabbits not injected with cyclic nucleoticles. The slices or nuclei wvere then incubated wvith a fluorescein-labelecl goat anti-rabbit immunoglobu1oblin (Miles Laboratories, Elkhalrt, Id.), as described bv XXTednier et al. (6) , with the slight mo(dificationis w7e have described previously (15) . Tisstue slices or nucleari preparations staiined with control antibodies from rabbits not injected with cvclic niucleotides, demonstrated no immutnofluorescence. Additional studies supporting the specificity of this technique have been puiblished separately (15 
RESULTS
Relationship of cGMP aggregates to nuclear DNA. The relationship of the nuclear aggregates of cGMP to other nuclear constituents was examined in isolated nuclei from mouse fetal tissue. In Figs. IA and IB, the aggregates of cGMP as demonstrated by our immunohistochemical technique are compared with the distribution of DNA in the same nuclei as determined by Feulgen's stain. In Fig. IC and Fig. ID , the aggregates of cGMP are compared with the distribution of DNA in the same nuclei as determined by the acridine orange stain. After photographing of the nuclei stained for cGMP, slides were exposed to UV light for a prolonged period to eliminate immunofluorescence before staining with acridine orange. It can readily be seen that the aggregates of cGMP correspond to conidensations of DNA by both methods. Approximately 75% of mouse fetal nuclei demonstrate the discrete intranuiclear cGMP aggregates. Nuclei not demonstratiing the discrete aggregates of cGMP do not demonstrate condensations of DNA. In Fig. IE , smears of nuclei were preincubated with DNAase, 1 mng/cm3, for 15 min at 20°C, before staining for cGMP. The intranuclear aggregates of cGMP are completely eliminated. This contrasts with the nuclei in Fig. IF that were incubated with only the buffer before staining for cGMP, and in which the characteristic intranuclear aggregates are still present. These observations suggest that the aggregated cGMP represents cGMP that is bound to aggregated DNA.
Relationship of cGMP aggregates to nuclear RNA. The relationship of the aggregates of cGMP to nuclear RNA was examined first by using our antiribonucleic acid antibody. Fig. 2B illustrates a nucleus incubated with the antibody, and then incubated with a fluoresceinated anti-human IgG antibody. Immunofluorescence is distributed diffusely throughout the nucleus, and does not correspond to the aggregates of cGMP, as illustrated in Fig. 2A . Pretreatment of the smears of nuclei with RNAase, 1 mg/ml, for 15 min at 20°C before staining with the anti-RNA antibody completely eliminated the RNA staining pattern. Pretreatment with DNAase, 0.1 mg/cm3, a concentration that eliminated most of the DNA on Feulgen's stain, had no effect on the pattern of staining produced by the anti-RNA antibody. A lower concentration of DNAase was chosen to minimize the effect of contaminating RNAase in the preparation of DNAase. In Fig. 2C , smears of nuclei were pretreated with RNAase, 1 mg/cm3, for 15 min before staining for cGMP. There was no effect of RNAase on the cGMP aggregates, in contrast to the previously observed effect ofpretreatment with DNAase.
In Fig. 3 , the relationship of the aggregates of DNA and RNA synthesis was examined by autoradiography.
Pregnant mice received tritiated uridine, 2 ,uCi/g, i.p., and 48 h later the mice were killed, a preparation, of fetal nuclei made, and autoradiography performed. Because we previously observed that the cGMP aggregates correspond to the condensations of DNA, the autoradiographic grains representing newly synthesized RNA were also compared with the DNA condensations seen on Feulgen's stain. Fig. 3A is a typical nucleus demonstrating the characteristic grain pattern, and the nucleus is counterstained with Giemsa. Fig. 3B is a diagram of the nucleus in Fig. 3A outlining the [3H]uridine grains. In Fig. 3C , the same nucleus is stained for DNA by Feulgen's technique. Fig. 3D is a diagram of the nucleus in Fig. 3C outlining the areas of presumed condensed DNA. It can be seen that the grains do not correspond to condensation of DNA and, thus, do not correspond to the aggregates of cGMP. It is, therefore, concluded that the aggregates ofcGMP probably are not located in areas of RNA synthesis.
The relationship of cGMP to nucleolar function. The relationship of cGMP to nucleolar function was examined in the rat fallopian tube during the estrous cycle and in the fallopian tube and uterus after administration of 17B estradiol to hypophysectomized and oophorectomized rats. Fig. 4B illustrates the isthmus of the fallopian tube during the proestrous phase of the estrous cycle stained for cGMP. Of note are the prominent globular intranuclear accumulations of cGMP that have the size and shape of the nucleoli. In studies published separately,' as well as by staining of adjacent tissue slices with acridine orange, these intranuclear structures have been shown to stain positively for RNA, identifying them as nucleoli. Fig. 4A illustrates the isthmus of the fallopian tube during diestrous, and Fig. 4C illustrates the isthmus of the fallopian tube during estrous, both stained for cGMP.
Of note is the absence ofdetectable nucleoli. Fallopian tissue during the metestrous phase, also lacks detectable nucleoli when stained for cGMP. There is also an absence of detectable nucleoli when fallopian tissue from these three phases of the estrous cycle are stained for RNA with acridine orange. 1 We examined fallopian tubes from hypophysectomized rats 15 h after being treatd with estradiol, 60 ,ug/kg, and rats treated with the 10% ethanol in salient diluent, and using the acridine orange stain for RNA, we found prominent nucleoli only in the tissue from the estrogentreated rats. The nucleoli stained strongly for cGMP (Fig. 5A) , whereas there was no corresponding cGMP immunofluorescence in the nuclei of the fallopian tubes from the rats that were not treated with estrogen (Fig. 5B) . Fig. SC illustrates endometrial tissue obtained 15 h following administration of estradiol to a hypophysectomized rat and stained for cGMP, while Fig. 5D is endometrial tissue from a hypophysectomized rat that received only the diluent. Ofnote are the prominent nucleoli that stain positively for cGMP and RNA and are seen only in the tissue from the estrogentreated animal. Also of note is the prominent perinuclear cGMP immunofluorescence seen in the tissue from the estrogen-treated animals (Figs. 5A and 5C). Fig. 6A illustrates endometrial tissue obtained 10h after administration of estradiol to an oophorectomized rat and stained for cGMP, whereas Fig. 6B illustrates endometrial tissue from an oophorectomized rat that received only the diluent. Prominent nucleoli, which stain positively for cGMP and RNA, are seen only in the endometrial tissue from the estrogen-treated rat. Also of note is the prominent perinuclear cGMP immunofluorescence seen in the tissue from the estrogen-treated animal.
DISCUSSION
Immunofluorescent techniques for identifying cyclic nucleotides are of great potential value for studying the localization of cyclic nucleotides within cells, and examining changes in their distribution following modification of cell activity. It has been observed previously that cGMP is found in the perinuclear membrane, in the nucleolus, and as discrete intranuclear aggregates, whereas cAMP is found predominantly in the cytoplasm and not in the nucleus (7) .
A variety of observations suggest a role for cGMP in the regulation of nuclear and nucleolar function, including the capacity of cGMP to increase the activity of RNA polymerase (5), to stimulate RNA synthesis (5) , and to enhance phosphorylation of nuclear proteins (1). Also, the isolation and characterization of a nucleolar cGMP binding protein, and cGMP-dependent protein kinase has recently been reported (17, 18) . Therefore, we have applied our immunohistochemical fluorescent studies for RNA, using a human anti-RNA mg/cm3, before staining with the anti-RNA antibody, antibody. The staining pattern for RNA was diffuse in eliminated the diffuse staining pattern, but had no efdistribution and did not correspond to the aggregates fect on the characteristic intranuclear aggregates of of cGMP. Pretreatment of the slide with RNAase, 1 cGMP. (C) Estrous. Nucleoli in proestrous tissue stain prominently for cGMP, while nuclei in tissue from diestrous and estrous lack detectable nucleoli when stained for cGMP.
It is unlikely that the discrete intranuclear aggregates of cGMP and their relationship to the condensed DNA are artifacts of fixation for several reasons: (a) The intracellular aggregates are present in isolated nuclei whether fixed or unfixed (7) . They are also present in nuclei in hepatic tissue slices, which are unfixed (15) . (b) If the cGMP immunofluorescence is first destroyed by treatment of the nuclei with gaseous nitrous acid, and the nuclei are then incubated with cGMP before staining for cGNIP, the original pattern of cGMP immunofluorescence is restored (15) . This
Immunohistochemical Studies of Cyclic GMP and Nuclear Function latter observation suggests that the cGMP detected by nucleolus, an organelle involved in ribosomal RNA the immunofluorescent technique is bound to specific synthesis and processing, suggesting that cGMP may cyclic nucleotide receptors.
play a role in regulating nucleolar function. Previous The other intranuclear site of cGMP staining is the studies have shown that prominent nucleoli appear in the nuclei of the fallopian tube during the proestrous phase of the estrous cycle, but are absent during other phases of the cycle.' It is relevant that in proestrous there is a marked increase in nucleolar synthesis of ribosomal RNA. Our studies confirm that the nucleolus is definable only during proestrous, and demonstrate prominent nucleolar cGMP staining during this period of presumed increase in nucleolar synthesis of ribosomal RNA. Administration of estrogen to oophorectomized rats has previously been shown to increase nucleolar size and nuclear RNA synthesis in endometrial and fallopian tissue. Following administration of estradiol to hypophysectomized rats, we observed a significant hypertrophy of nucleoli in the endometrial tissue of the uterus, as well as in the endothelial cells ofthe fallopian tube; and these nucleoli stained prominently for cGMP. A similar prominent increase in nucleolar size and cGMP staining was seen in the endometrial tissue of the uterus following estrogen administration to oophorectomized rats. Thus, both in the fallopian tube in proestrous, and in the endometrium and fallopian tube after estrogen treatment, cGMP appears in the nucleolus during a period of presumed increase in nucleolar synthesis of RNA.
Also of note is the prominent perinuclear cGMP immunofluorescence which is seen in the tissue from the estrogen-treated animals. Steiner et al. (20) have recently reported an increase in perinuclear cGMP immunofluorescence in hepatic nuclei during hepatic regeneration following partial hepatectomy, also a period of increased RNA synthesis (21 In summary, the findings in this stuidy suggest that the intraniuclear aggregates of cGMP are associated with areas of DNA, which are not active in RNA synthesis. Further, since nucleolar synthesis of ribosomal RNA is known to b)e increasecl in the fallopian tube in proestrous and in the fallopiain tube and endometrium following estrogen treatmenit, the presence of promiI7mmunohistochemical Studies of Cyclic GMP anid Nuclear Funtction 8nent cGMP staining of the ntucleolus during these periods suggest that the cGMP may play a role in regulating nucleolar synthesis of ribosomal RNA.
